The CMS hadron Calorimeter is made of alternating layers of scintillating tiles and metals, such as brass or iron. The original photo detectors were hybrid units with a single accelerating gap called Hybrid Photo Diodes (HPD). Scintillating light was transmitted to the HPDs by means of optical fibers. During data taking at the Large Hadron Collider (LHC), the signal strength of scintillator tiles of detector units in the forward region degraded significantly due to the damage related to the amount of radiation to which the scintillator was exposed to. Scintillators suffer damage when exposed to radiation, however, the amount of damage observed was more than originally estimated. Several HPDs were removed during a detector shut down period. Microscopic scans of relative quantum efficiencies for few of these HPDs were made. The damage of the photocathode was determined to vary with the amount of optical signal transmitted by optical fibers to the HPD. Imprints of each fiber (∼ 1 mm) on the photocathode with varying damage within the same pixel were observed. Most of the observed reduction of the calorimeter signal can be attributed to localised damage of the photocathode.
I. INTRODUCTION
The CMS Hadron Calorimeter 1 is designed to accurately measure the energy of jets produced in protonproton (pp) collisions. The calorimeter consists of different sub-detectors, a) Barrel (HB 2,3 ), b) Endcap (HE 4 ), c) Outer Barrel (HO 5, 6 ) and d) Forward (HF 7 ). The HB, HE, and HO sub-detectors are sampling calorimeters and use scintillator embedded with wavelength shifting fibers (WLS) as an active element. In the HE and HB detectors, there are several layers of scintillators interleaved with an absorber. The detector is segmented in fine η − φ towers, where η represents the pseudorapidity of a tower, defined as,
where θ is the polar angle of a tower w.r.t. the pp collision axis and φ represents the azimuth angle of tower in the detector. The size of tower defined in η − φ direction is typically about 0.087×0.087 radians. Wavelength-shifting (WLS) fibers spliced to a clear optical fiber are used to transport the scintillation light to the photo-readout elements 8 . The optical fibers from several sampling layers within the same η − φ tower are grouped together inside an Optical Decoding Unit (ODU) and are mapped onto a designated pixel on the HPD. Another fiber, also coupled to the HPD, brings light produced by an LED, for calibration purposes. Customised Hybrid Photo Diodes (HPDs) manufactured a) Electronic mail: dugad@cern.ch by DEP 9 were installed as photo-readout elements [10] [11] [12] for these detectors. They have high gain, immunity to magnetic field when aligned to HPD axis 13 and a compact size. Each HPD has a hexagonal shape with common photocathode and 19 isolated photodiodes underneath, referred to as pixels (p-i-n pixels). The HPDs were designed to operate for 10 years in the CMS experiment, corresponding to an integrated charge of 3 C/pixel at the highest pseudo-rapidity locations 14 . The HPDs have a hexagonal shape. Figure 1 (a) shows a schematic representation of an HPD. The geometry of the HE detector is shown in Fig. 1(c) . As can be seen, there are several layers of scintillators in each η − φ tower. Towers with higher η-index are closer to beam pipe, and scintillator layers at shallower depth (lower layer number) in a given tower are closer to the pp collision point. Hence, layers with higher η index and lower depth are expected to produce higher scintillation light. The mapping of HE towers on to the pixels of an HPD is shown in Fig. 1 
(b).
Gradual degradation in the light output of HE detector with increasing integrated luminosity has been observed since its operation. Some degradation is expected, due to the presence of very high radiation in this region, up to ≈ 0.2 Mrad during LHC Run 1, which may cause damage to either the scintillator or the HPDs or both. In-situ studies of the radiation damage to this detector are carried out using LED, radioactive source calibration, and collision data itself. Though these studies have shown significant degradation in the overall performance of the detector, they do not have the ability to decouple radiation damage to the scintillators from damage to the HPDs due to integrated use. Recently, some HPDs from the HE and HO detectors were removed, to carry out an independent study of the cumulative effect on them. Since, HPDs are primarily exposed to green light from the scintillator, the response of the decommissioned HPDs to green light (λ=520 nm) was studied using the Micron Resolution Optical Scanner (MROS), which was specially designed and built for microscopic characterisation of photo detectors such as silicon photo-multipliers 15 . The MROS has been demonstrated to provide a focused beam of light on a target. The detector under test in this setup can be moved in an automated manner in three orthogonal directions with a step size of 0.1 µm. Using this setup, an extensive microscopic characterisation of the HPDs obtained from the HO and HE detectors has been carried out. These studies have revealed significant localised damage to the photocathode of the HPD decommissioned from the HE detector, whereas the damage observed for the HO HPD is quite small and restricted to light incident by the calibration fiber on photocathode. Details of the experimental methods used and results that have been obtained are discussed in the following sections.
II. EXPERIMENTAL SETUP
The design of the MROS 15 is quite suitable for a fine scan of HPD. The device under test (HPD) is mounted on a motion table consisting of three linear stages capable of motion in three orthogonal directions with a resolution of 0.1 µm and with a dynamic range of 25 mm. Size of the common photocathode of an HPD is also about 25 mm, thus, almost the entire surface area of the device can be scanned. The recorded localised photo response at each scanning position yields complete map of the device response across its photocathode. For ease of measurement and integration, the HPD mounting board was modified to provide the sum of all PIN diode currents (rather than 19 individual currents) into the ammeter. The detailed electrical connection diagram is shown in Fig. 2 . Since the MROS would illuminate an ultra-fine spot on a pixel selectively, while other pixels are in the dark, the net output current can still be attributed to a scanned position on the particular pixel. The MROS also has a built-in imaging capability, which helps in carrying out a visual inspection of the surface of the detector, as well as in selecting a particular region of interest to be scanned. It is to be noted that the laser intensity is kept low during the scan to avoid any possible damage of the photocathode during long runs. The overall experimental setup is shown in Fig. 3 . An HPD requires two power supplies for its operation. As shown in Fig. 2 , a high voltage (negative) bias is applied to the photocathode to accelerate the photoexcited electrons emitted by the photocathode (photon energy E γ ≥ work function of photocathode). All photo-diodes are connected in parallel for this study. A common low voltage (80 Volts) is applied across all the diodes to adequately reverse bias them. As can be seen from Fig. 3 , photo-diodes are placed at the anode region of the vacuum tube. The high energy electrons impinging on the photo-diode give rise to a large number of carriers which are further multiplied and efficiently transported (less scattering and recombination) to the output electrode 
III. IMAGING AND FOCAL AXIS DETERMINATION
Before an HPD can be microscopically scanned, a built-in CMOS camera system was used to survey the surface of the device and access the scan area. The imaging also helps in roughly determining the focal plane position i.e aligning HPD surface to the focal plane. Figure 5 shows a typical image of an HPD surface taken with the built-in CMOS camera. The square array pattern is a typical characteristic of the fiber optic plate (FOP) of the HPD. The FOP is an optical device comprised of a bundle of micron-diameter optical fibers. The FOP directly conveys light incident on its input surface to its output surface. A modified knife-edge method was adapted to accurately determine the position of the focal plane and to establish the laser beam profile on the photocathode with the fiber optic window.
FIG. 5. Image of the HPD surface recorded with the built-in CMOS camera.

A. Knife-edge Measurement
In a typical knife-edge method 15, 16 , a sharp-edged object is placed in the light beam path between a focusing lens and a detector (e.g a PIN diode). The knife-edge is moved perpendicular to the beam direction in fine steps, cutting it across and simultaneously recording the PIN diode current to record the integrated light falling on its surface at each step. The knife edge eventually completely blocks the beam, and the PIN output falls to the typical dark current level. The recorded PIN diode current as a function of the vertical position of the knife-edge represents an integrated light intensity at each point, and hence, when differentiated, yields the actual beam profile (typically a Gaussian). The width of the profile (sigma) represents the beam spot size at a particular position along the beam axis. A similar exercise can be carried out to obtain the beam profile for different positions along the light beam line for the knife edge; the position with the smallest beam spot size represents the focal plane of the system. The standard knife-edge method was modified to perform the beam profiling without introducing a dedicated knife edge, using instead the HPD PIN diode edges, which act as a boundary between the HPD's dead and active regions to cut the beam. When the laser beam is completely in the dead area (outside PIN diode boundary), the observed HPD current is equal to its typical dark current. This situation is equivalent to completely blocking the optical beam. As the beam is scanned across the HPD, and the beam slowly approaches an active area, the HPD current starts building up in response to incident light until beam is completely in the active area, resulting in saturation of the HPD current.
This method was used to characterise the laser beam profile on the photocathode and obtain focal plane position at eight different locations around the edges of the HPD as shown in Fig. 6 (a). A laser beam of wavelength 650 nm was used for this purpose. Using the analysis procedure described in Ref. 15 
The size of the beam is observed to be 18.1 µm at the focal plane. Figure 5 shows image of the HPD surface taken with the built-in CMOS camera. The image shows that, the fiber optic plate has a feature size of about 5 µm. The differential intensity distribution is observed to be modulated around focal plane, since the size of the light beam becomes comparable to the feature size of FOP, thus, enhancing the estimation of measured beam width. However, note that the step size used in the 2D fine scan of HPD is much coarser than the measured size of the beam spot. Knife edge datasets were taken at eight different positions, as shown in Fig. 6(a) . Larger sampling across the entire HPD area was useful in establishing the uniformity of the focal plane position, i.e. to determine if any tilt is present in the HPD surface due to imperfections in the mechanical mounting. Table I shows 
IV. 2-D SCANS
Before installing the HPDs in the CMS calorimeter, coarse 2D scans of the HPD response were done using the setup described in Ref. 14, which provided a laser beam of green light (520 nm) with beam spot size of 0.5 mm. The HPD could be moved transversely in steps of 0.5 mm. As can be seen from Fig. 7 , the response of the HPD was observed to be quite uniform across the entire surface of photocathode 11 . During entire Phase-0 period of the CMS-HCAL operation, there were no HPD failures, though their performance gradually reduced with time and increasing integrated luminosity. We expect degradation in performance to increase with increasing pseudorapidity. However, at same eta, but different phi, the degradation of the signals were observed to be quite different. Since radiation damage is effectively independent of phi, the observed effect can be possibly attributed to the damage to HPDs. The HO-HPD was exposed to scintillation and calibration light at reduced high voltage (-6 kV) up to 2012 corresponding to an integrated luminosity of 6. Now we present results on the microscopic characterisation of an HPD after its decommissioning from the detector. Once the focal plane positions were determined, a 2-D scan of the HPD was performed after aligning the HPD surface with the focal plane. 2-D scans were performed with a step size ranging from 200 to 300 µm to cover entire HPD area (25 mm × 25 mm), followed by finer scans with step size up to 75 µm to cover specific pixels on HPD. The HPD was raster scanned (row by row) to record the response at each predefined step to map the response. The focal axis position was dynamically adjusted every 5 mm, using the weighted average of known focal positions at different points. At each scan position (after setting up appropriate BV and HV), using laser illumination, the current flowing through the HPD was recorded as an average of 32 consecutive measurements. Dark current was recorded before starting each row by switching off the laser. Dark current measurement at the beginning of every row was necessary since the dark current was seen to have long term drift. First, an HO HPD was scanned with 650 nm laser excitation followed by 520 nm excitations. An HE HPD was scanned only with 520 nm laser. Since the spectral response of the light from the scintillator peaks at wavelengths in the green region, green laser light was used, to make the extracted information relevant. Figure 8 shows the net HPD current from an HO-HPD scan recorded with 650 nm laser excitation with 200 µm step size in the transverse direction. The scan clearly shows variation in the net HPD current across its active area. The upper right region recorded a somewhat higher current than the lower region. The dark current recorded at the beginning of each row was used to calculate the net HPD current for that row. Figure 9(a) shows the gradual variation of dark current as a function of row number. The dark current is seen to increase at the beginning of the scan. The histogram of the same is shown in Fig. 9(b) . The variation in dark current during the entire run (RMS/Mean) is observed to be around 3%. Figure 9 (c) shows distribution of the net HPD current in the active region. It indicates response variation of about 20% (RMS/Mean). Since the quantum efficiency of an HPD at λ = 650 nm is much lower than that for green light, the response of an HPD measured using λ = 650 nm excitation is not expected to be uniform. The 2-D scan plots also reveal faint degraded spots at certain localised regions in almost all HPD pixels. The observed localised degradation spots bring to light an interesting feature; hence, it was needed to be studied in more detail. To study these features carefully, 2-D scan of HO-HPD was performed with 520 nm laser. Figure 10 shows the results of 2-D scans carried out with 520 nm laser excitation. As can be seen from Fig. 10(a) , the response of photocathode to this wavelength is quite uniform, as compared to that observed with the 650 nm laser. The histogram of net current in the active region ( Fig. 10(b) ) shows a variation of about 8%. Also, faint spots seen in the 650 nm data are even more prominent in this scan due to greater sensitivity of HPD at this wavelength (λ = 520 nm). The localised degradation seems very prominent and visible in almost every pixel. This can be due to the calibration fiber installed in each pixel. Calibration runs are taken periodically by passing pulsed LED light through this fiber to monitor the gain of the HPD. Excessive illumination of localised regions of the photocathode exposed to the calibration fiber (compared to fibers coming from HO scintillators) may have led to comparatively higher degradation of photocathode under the calibration fiber area. These spots were studied in more detail with another fine scan taken around the imprint of calibration fiber with a smaller step size of 100 µm. The resulting net HPD current from the 2-D scan is shown in Fig. 11(a) while Fig. 11(b) shows a projected row scan of the same at one of the rows, passing roughly through the center of the calibration fiber imprint. A clear shadow of the size, same as that of the fiber, is seen on the photocathode. Figure 11(c) shows a histogram of the net current in a region around the shadow of fiber shown in Fig. 11(a) . There are two clear gaussian distributions; the left distribution corresponds to scan points under the shadow of the calibration fiber and the right distribution corresponds to scan points outside the shadow of calibration fiber. As can be seen from this histogram, a degradation in the photon detection efficiency of about 5% (p1/p4) is observed in the photocathode area exposed to the calibration fiber w.r.t. neighbouring area. Though the reduction is not very significant, the overall setup (MROS), and the methodology adopted, demonstrates excellent sensitivity to study such important features of HPD response. Subsequently, similar studies were also carried out for HE HPD which have gone through substantial radiation exposure as compared to HO-HPD. These studies on the HE-HPD are discussed in the following section.
B. HE-HPD Scans
Similar to the HO HPD scans presented in the previous section, an HPD decommissioned from the HE detector (HEP17 RM4) was also scanned with a 520 nm laser beam. A 2-D scan of the entire photocathode area of an HE-HPD was recorded with a step size of 200 µm. The 2D scan of net HPD current at each scan position is shown in Fig. 12(a) . The scan clearly shows many distinct features including several fiber imprints in almost every pixel of the HPD. Figure 12(b) shows a histogram of the net HPD current, indicating overall variation (RMS/Mean) of the HPD response across entire surface of photocathode to be around 17%. This is significantly larger than that observed in the HO-HPD at the same wavelength. As expected, this suggests higher overall damage of the photocathode of an HPD, extracted from the HE detector. Further, the HE-HPD scan shows the presence of many circular spots of same size as that of the fibers coming from the scintillators. They are due to degradation of photocathode under the shadow of these fibers. This can be attributed to the higher amount of scintillation light produced by the HE scintillators due to the large radiation they receive. The resulting light, which is incident on the photocathode of the HPD, significantly damaged the region of photocathode which is under the fibers coming from scintillators. It is to be noted that the photocathode of the HO-HPD (Fig. 10) under the shadow of fibers coming from its scintillator did not show any degradation. In the HE detector, each pixel on the HPD is illuminated with a different quantity of scintillation light, depending on the location and depth of the scintillator layer in a tower. As explained above, towers with higher pseudorapidity, larger area of scintillator tile, and shallower depth are expected to produce larger scintillation light (see Fig. 1(c) ). Hence, pixels mapping to such towers should see a higher degradation of the photocathode.
A pixel with a higher number of visible fiber imprints (pixel 14, tower 28R containing 13 layers of scintillators starting from layer number 5), shown by dashed circle in Fig. 12(a) was investigated further with another finer scan of the area under this pixel, recorded with step size of 75 µm. Tower 28R is closer to the beam pipe, and hence it is expected to have higher damage. As can be seen from Fig. 13(a) , almost all fiber imprints (corresponding to scintillator fibers) in this pixel are clearly visible. They possess different shades, indicating varying damage, depending on the depth of the scintillator layers in this tower (see Fig. 1(c) ). The degradation due to calibration fiber is not clearly visible for this HPD. Figure 13(b) shows a sectional plot (taken near row 40), which clearly shows that the photocathode area under the fibers from scintillators has been damaged significantly. The extent of the average damage for this pixel was estimated by making a histogram of the net current recorded at each scan point shown in Fig. 13(c) . The histogram has two distinct distributions fitted with a Gaussian functions to extract the mean and sigma for each distribution. The left distribution corresponds to the part of the photocathode area covered by the fibers, and the right distribution shows rest of the area, with no fiber cover. The ratio of peaks (p1/p4) of these two distributions shows a relative reduction in the photocathode efficiency of ∼ 46%. It is to be noted that this reduction is only for that area of photocathode that is exposed to fibers coming from scintillators. Variation of the response within the fiber imprint area is observed to be about 10% (p2/p1).
Due to high resolution of the scan, the same data for this pixel can also be used to deduce the layer dependence of damage for a given tower on HPD pixel. Scintillators at lower depth (smaller layer number) should cause more damage compared to those further away from the interaction region (higher layer number). Tower 28R, read by pixel 14, has 13 fibers reading scintillation light from layer numbers 5 to 17. The layer mapping of each fiber spot was done using the real optical decoder unit (ODU) used for this HPD (ODU 19.4.27 from RM4-HEP 17). Mapping of layer number to corresponding fiber spot is shown in Fig. 13(a) . The average photo response of each layer was obtained by sampling those points on a row scan (passing through the center of fiber) that are within the fiber under consideration. The response of the photocathode under each fiber of each layer as a function of layer number is shown in Fig. 14. A strong correlation between the relative photocathode response and corresponding layer number can be seen from this figure. As expected, the farthest layer (L17) shows least damage and the innermost layer (L5) shows highest damage. The response of L17 is observed to be ∼ 46% higher than L5. However, in order to have good jet energy resolution, all the layers should have uniform response within ±5%. Hence, such large variation in the HPD response across different layers of the same tower affects the energy resolution of the jets produced in pp collisions that impact the HE calorimeter.
A few more fine scans, with a step size of 150 µm, were recorded around the damaged area for four other pixels mapping to different pseudorapidity towers in the HE detector. The location of the tower for each scanned pixel is obtained using Fig. 1(b) and Fig. 1(c) . The 2-D scan of net HPD current for pixels 2, 6, 15 and 16 are shown in Fig. 15(a) -(d) . The overall degradation of each pixel is obtained using the same procedure described above. Table II shows the degradation observed in five pixels in a single HPD that map to different η towers. The measured degradation of the photocathode corresponding to each pixel confirms that the damage is larger at higher pseudorapidity regions due to higher scintillation light produced by high radiation levels, thus resulting in higher erosion of photocathode.
V. BREAKDOWN VOLTAGE UNIFORMITY
As discussed in the previous sections, several 2-D scans of HE-HPDs showed significant non-uniformity in the response of the photocathode. Degradation of the photocathode is caused by excessive illumination by scintillation light. Localised areas on the photocathode directly exposed to the scintillation light through fibers have been damaged severely, whereas other part of the photocathode, which is not exposed to the scintillation light, do not indicate any visible damage. This observation is expected to manifest as a possible variation in the breakdown voltage of the HPD, as well as a change in the I-V response, measured at damaged and normal locations on photocathode. To ascertain this, I-V characteristic of the HE-HPD was measured at all 13 damaged spots on pixel 14 (tower 28R) as well as at normal positions on the photocathode using the following procedure: a) HPD with all pixels was biased with a constant BV of 80 Volts, b) predefined location was illuminated with a focused laser beam of wavelength 520 nm using the MROS setup and c) with these conditions, high voltage (HV) was ramped up from 0 to -7000 Volts in steps of 250 Volts and at each step, the HPD current was recorded. The dark current was noted by switching off the laser at the beginning of ramp up and end of ramp down cycle at each position.
Centre position of each fiber imprint on the pixel-14 of the photocathode was identified using the 2D scans taken earlier. Similarly, several positions which did not show any damage were also identified using the same data. At each of these pre-defined positions, the I-V data was taken using the procedure described above. Typical I-V characteristics is shown in Fig. 4 . The breakdown voltage is obtained by taking the intersection of the lines obtained by fitting the data in two different regions (below and above the breakdown region) as shown in the same figure. The slope of second line (above the breakdown region) represents the conductance of photodiode (dI/dV) at that position. The conductance depends on the flux of incident photoelectrons emitted by the photocathode. For the same intensity of laser, this flux is expected to be lower for lower layer number and thus should have smaller conductance. As can be seen from Fig. 16(a) , the conductance, indeed, strongly depends on the layer number and follows the same trend as observed in 2D-scan of the HPD (Fig. 14) . Thus, analysis of I-V data provides an independent verification of a localised damage of the photocathode that is proportional to the incident scintillation light. Figure 16(b) shows the distribution of breakdown voltage measured at normal and damaged locations. The breakdown voltage at damaged locations is observed to be about 200 Volts higher compared to that at locations with a normal photocathode. The increase in the breakdown voltage is expected due to localised thickening of the dead layer on the silicon surface.
VI. SUMMARY AND CONCLUSIONS
Independent studies of damage to HPDs used in the CMS hadron calorimeter due to excess exposure to scintillation light were important to assess its impact on the detection and measurement of the energies of jets produced in the proton-proton collisions. The Micron Resolution Optical Scanner (MROS), built for microscopic characterisation of photodetectors was leveraged for this purpose. It was suitably modified to house HPDs, as well as its associated data acquisition system. Microscopic characterisation of two HPDs, decommissioned from the HO and the HE detector, was carried out using MROS with two types of focused laser beams of 650 nm and 520 nm wavelengths. Before characterising the HPDs, the profile of the laser beam on the surface of the photocathode was carried out to establish the size of the beam spot. It was measured to be 18.1 µm, much finer than the step size (75-300 µm) used for performing the HPD scan. Subsequently, several 2-D scans were carried out with different step sizes; lower step sizes were used to study smaller regions of interest. The results of these studies presented in this article clearly demonstrate degradation of the photocathode of the HPDs from both detectors. The overall variation of the photocathode response was observed to be 8% and 17% for the HO and the HE HPD, respectively.
Moreover, several circular features in the 2D scans of net HPD current were seen for HPDs from both detectors. The diameters of these spots were the same as that of fibers carrying either scintillation light or calibration light. This clearly indicates localised damage of the photocathode in the areas directly exposed to the light coming through fibers. Though the HPD from the HO detector did not show any damage due to scintillation light, a significant localised damage of photocathode caused by excessive illumination due to scintillation light was observed in the HPD decommissioned from the HE detector. It is to be noted that the HO detector is located behind the HB detector; thus the fluence of charged particles through the HO scintillators is significantly smaller than that through the HE scintillators. As expected, larger damage of the photocathode was seen for those fibers collecting scintillation light from scintillators located at higher pseudorapidity and shallower depth. This region has much higher radiation generated by proton-proton collisions. Fine scans recorded around one such damaged pixel (Pixel 14, connected to tower 28R with 13 layers) show that the photocathode damage is higher for fibers originating from shallower depth scintillators (closer to the proton-proton collision point). In addition, the part of the photocathode exposed to fibers from the highest layer number registered ∼ 46% higher net HPD current compared to that observed with lowest depth. In the beginning of CMS physics run, all these layers in a given tower were shown to have uniform response within ±5%. A differential degradation of ∼ 46% can significantly deteriorate the jet energy resolution of the calorimeter. Similar fine scans for several pixels mapping different pseudorapidities were done for the HE-HPD. As expected, the damage was observed to be proportional to the pseudorapidity.
Non-uniform response of the photocathode of the HE-HPD, observed using fine photo scans with focused laser light, implies that the breakdown voltage and conductance measured at damaged and normal regions of photocathode need not be the same. Measurement revealed that, indeed, the breakdown voltage measured at the damaged region (∼ 3.4 kV) is about 200 Volts higher than that measured in the normal region of photocathode. Also, the conductance was observed to be higher for higher layer numbers. The dependence of conductance on layer number (Fig. 16(a) ) is quite similar to that observed in the 2D scans (Fig. 14) . Hence, both the methods, that are independent of each other, confirm localised damage of photocathode proportional to the incident scintillation light. 
